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Abstract 
Among the 13 Nd(Fe,M)-s studied, where M=Si,Al 
B, Ti, V, Cr, Mn, Z r ,  Hi, Nb, W, MO, and Ta, those with 
Si, Ti, V, Cr, Mn, MO, and W are tetragonal ThMn (1-12 
for short) type structure. For the other alloys!2exis- 
tence of either Fe3M, Fe M, FeM, and/or FeM phases is 
evidenced from X-ray disfraction (XRD). Tie size of M 
atom is found crucial in determining its ability to 
stabilize the 1-12 phase. 
When M is Ti in NdFe M alloys, the 1-12 phase ex- 
ists in a wide range o&xvhes from 0.7-2.0, however 
Fe2Ti phase appears when x exceeds 1.0. Hence NdFe lTi 
is not likely a line compound. For the other alioys 
with 1-12 phase only x=2 was examined. The c/a value 
keeps invariant at 0.558 to 0.559 when M is transition 
metal, and 0.564 for M = Si. 
Curie temperatures(Tc) of these alloys, in decregsing 
order of M, are V (310 C), Si (301 C), Ti (278 C), Cr 
(270 C), W (252 C), MO (195 C), and Mn (119 C); for the 
alloy with Ti, x=l and for the others x=2. 
The determined anisotropy field (Ha) for these alloys 
from aligned polycrystalline powder at room temperature 
is low, the maximum one is 26.8 kOe for NdFe Ti, which 
increases to 54.5 kOe at 4.2 K. 11 
INTRODUCTION 
Ternary rare earth(R) - transition metal(TM) interme- 
tallic compounds have earned much attention since the 
discovery of the Nd-Fe-B permanent magnet alloy [1,2], 
especially those with less rare earths, eg., RM , Ml0, 
RMll, RM and RM where M = Fe or CO and oti?er non- 
rare ear@ elemenii[3,4]. The R(Fe,Si)13 and R(Fe,Al) 
were found to be cubic and lack anisotropy [5]. RFe B3 
being hexagonal with easy c-axis, 
perature(Tc) of 156 K [6], and is not suitable for per- 
manent magnets. NdCogSi2 being tetragonal of a BaCdll 
type structure, has a low anisotropy field (Ha) of less 
than 15 kOe and hence is not promising [7]. R(Fe,M)12 
is of tetragonal ThMn structure, when a suitable M 1s 
chosen. Some of the R@e,M) alloys possess reasonably 
high Tc and Ha, especially i6ellTi [4,8,9], RFe V [3, 
10,111 and others [E]. In the R(Fe,M) syste&y ?hose 
with R = Y, Sm, and Gd have been studiei’more often [8- 
121, those with R = Nd less. This is such a systematic 
study. 
has a low Curie 
EXPERIMENTAL PROCEDURES 
Nd(Fe,M),, alloys, M = B, Al. Si, Ti, V, Cr, Mn. Zr, 
Hf, Nb, fg ,  Mol W, were prepared by arc-melting the 
weighed elements of at least 99.6 % purity in a copper 
cold hearth under pure argon atmosphere. The ingots 
were homogenized at 1000 C for more than 5 days under 
Ar protection and water quenched. The crystal structure 
was determined with powder X-ray diffraction using pure 
Si powder as internal standard. Precision lattice para- 
meters were determined with the ASINC program. Optical 
and scanning electron microscopes with elemental analy- 
sis capability were used for microstructure analyses. 
Vibrating sample magnetometer (VSM) was used for magne- 
tic measurements both on bulk samples and on powders 
(-325 mesh) dispersed in melted wax and magnetically 
aligned at 1 T, then solidified. Curie temperature was 
determined with a thermomagnetic balance under a gra- 
dient field with a maximum of 400 Oe. 
-- RESULTS AND DISCUSSION 
Crystal Structure 
those with M 
=Si, Ti. V. Cr. Mn. MO and W have the tetragonal ThMn., 
Among the 13 Nd(Fe,M)12 alloys studied, 
. .  ~ 
structure. For Ti the composition used was NdFe Tff. 
while for the others, NdFel$lli A typical XRD pai!hern 
is shown in Fig. 1. In those a oys with M = B, Al, Zr, 
Hf, Nb, and Ta, one or more of the FeM, Fe2M, Fe? and 
FeM phases dominate the structure, as typically shown 
in gig. 2 and Table I. Lattice parameters, c and a, of 
the ThMn12 type Nd(Fe,M)12 alloys are shown in Table 
11. Although the c and a values vary greatly among dif- 
ferent alloys, the c/a ratio remains 0.558 to 0.559 
practically invariant, except for Si (0.564) which is 
the only non-transition element in this study to stabi- 
lize the 1-12 type structure and is the smallest atom. 
Those elements which failed to stabilize the 1-12 phase 
are either too small, such as boron, or too large such 
as Zr, Hf, Nb and Ta, which are almost the same size 
with Nd. the atomic size plays an 
plays an important role in the ability to stabilize the 
1-12 structure. 
It is probable that 
1200 t 
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Fig. 1 Typical XRD pattern taken with Cu krz radiation, 
showing 1-12 structure of the NdFe10V2 alloy 
20 36 5 2  68 84 im 
Fig. 2 Typical XRD pattern of a Nd-Fe-Zr alloy without 
the 1-12 structure, taken with Cu kd radiation 
Curie Temperature Measurements 
the highest one, 
Curie temperatures of these alloys are low. NdFeV has 
310 C, then NdFeSi (301 C), NdFeTi ( 
0018-9464/89/0900-3300$01 .WO 1989 IEEE 
3301 
Table I Crystal structures of the NdFel$lz.alloys 
being withou 1:12 phase, y = exis ing 
M Fe3M Fe2M FeM FeM2 Fe3M5 Fe3M7 
Y Y - - - A 1  Y Y Y 
Zr Y Y Y 
B Y  
- - 
- - - 
- Y Y Hf - - - 
Y Y Nb - - - - - - - Y Ta - Y 
Table I1 Lattice parameters, unit cell volume(UCV), 
theoretical density (TD) of the R(Fe,M),, alloys 
alloy 
NdFeSi 
NdFeTi 
NdFeV 
NdFeCr 
NdFeMn 
NdFeMo 
NdFeW 
0.8464 
0.8551 
0.8552 
0.8546 
0.8550 
0.8553 
0.8560 
c (m) 
0.4771 
0.4784 
0.4778 
0.4771 
0.4773 
0.4784 
0.4784 
cla 
0.564 
0.559 
0.559 
0.558 
0.558 
0.559 
0.559 
UCV( A3) 
341.8 
349.8 
349.4 
348.5 
348.9 
349.9 
350.5 
7.38 
7.66 
7.65 
7.69 
7.74 
8.49 
10.14 
278 C), NdFeCr (270 C), NdFeW (252 C), NdFeMo (195), 
and the lowest NdFeMn (119 C); as shown in Fig. 3 and 
Table 111. The reason why the vanadium containing alloy 
has the highest Curie temperature can be manifest from 
the fact that vanadium is the only nonferromagnetic ele 
ment which raises the Curie temperature of iron, as a 
result Tc of the Fe-V alloy reaches a maximum of 830 C 
at 15 at% V [ll], being almost 60 C higher than that of 
pure iron. For the NdFe V alloy the vanadium amounts 
to 16.7 at% of the Fe-V &Zion, at around the peak Tc 
of the Fe-V binary system. 
Table I11 Curie temperature (Tc,OC), anisotropy field 
(Ha, kOe at room temperature), magnetization at 1 T 
(Ml, Bohr magneton/formular unit) of NdFeM alloys 
NdFeSi NdFeTi NdFeV NdFeCr NdFeMn NdFeMo NdFeW 
Tc 301 278 310 270 119 195 252 
Ha 17 26 18 18 10 17 16 
M1 15.1 13.3 12.9 13.1 9.5 12.0 14.5 
I I I 
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Fig. 3 Magnetization vs. temperature for the 
alloys 
Magnetic Measurements 
Magnetization curves along and perpendicular to the 
alignment field were taken for all the 1-12 type NdFeM 
alloys,the extrapolation of these two curves intersects 
at the anisotropy field (Ha), should the higher order 
anisotropy constants be neglectable. A typical measure- 
ment on the NdFe Ti alloy is shown in Fig. 4. Ha val- 
ues are shown inl*able 111. From Fig. 4, it is manifest 
that the magnetization perpendicular to the alignment 
field is not a straight line, indicating the possibili- 
ty that the alloy is not magnetically uniaxial hence 
the contribution from a-a and a-c planes is very large, 
or the powder was not properly aligned at all. However 
the magnetization perpendicular to c-axis of a single 
crystal SmFellTi has been determined to be a straight 
line [ 8 ] ,  suggesting the latter possibility is more li- 
kely true. The Ha values thus obtained are subjected to 
large error. Hence the tabulated data in Table I11 ser- 
vers as a comparison among these alloys only. It is 
clear that NdFellTi has the highest Ha of 26.8 kOe, 
which is low compared to 83 kOe obtained from the sin- 
gle crystal SmFe 
NdFe V , NdFe hiTi L:!'NdFe W have pract!~%~z~ 
same'aa? and N#el$n2 the 104g.&. 
Low temperature measurement at 4.2 K was done on Nd- 
Fe 11 also shown in Fig. 4. 
Magnetization at one tesla (Ml) for the 1-12 type Nd- 
FeM alloys were also determined as shown in Table 111. 
The NdFe Si has the highest magnetization, and sur- 
prisingl$0Nd8e10W2 the next, then NdFe Ti, NdFe Cr2, 
NdFe10V2, NdFe10M02, and again NdFel$lnhlthe loweA?. 
while NdFe10Si2, 
Ti alloy, the Ha value increases to 54.5 kOe as 
Homo eneit Range of the NdFe Ti 
Si:ce thl NdFeTi alloy has Tc and the highest f{a 
value, it is interesting to note the homcgeneity range 
of Ti content. Four alloys with x = 0.7, 1.0, 1.5 and 
2.0 in NdFe Ti were prepared. Fig. 5 shows XRD 
patterns of k a e  &loys. It is manifest that the 1-12 
phase exists in all these alloys. However, Fe2Ti phase 
appears when x exceeds 1.0. In an EDS analysis, it was 
noticed that the Ti/Fe ratio in the matrix 1-12 phase 
proportionally increases with increasing x, depicting 
possible solid solubility of Ti in the 1-12 phase and 
the fact of lattice occupancy of Fe by Ti. This can 
also be evidenced from the Tc measurements on these al- 
loys, as shown in Fig.6. Tc continuously decreases with 
increasing x. 
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Fig. 4 Magnetization along different aligniwnt direc- 
tions at the shown temperatures 
3302 
I ThMn12 type 
X' 2 SI I 
Fe;Ti 
I I 
28 ( deQJ 
Fig. 5 XRD patterns taken with Fe k u  radiation for the 
NdFe12-xTix alloys 
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Fig. 6 Magnetization vs. temperature of NdFe~z-~Ti~ 
alloys 
CONCLUDING m R K S  
Thirteen Nd( FeM) alloys (Mml/B/Ti/V/Cr/Mn/Zr/ 
Hf /Nb/W/Mo/Ta) werk'preparad and studied. It was found 
that only those of M = Si/Ti/V/Cr/Mn/Mo/W show tetrago- 
nal 1-12 phase. From the measurements of Curie tempera- 
ture, anisotropy field and magnetization, it is conclu- 
ded that NdFellTi, NdFe Si2, NdFe V and NdFe10Cr2 
are candidates for possibPe permaneB? iagnet alloys. 
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